Abstract-In this paper, a Feldkamp type approximate reconstruction algorithm is presented for helical cone-beam Computed Tomography. To effectively suppress artifacts due to large cone angle scanning, it is proposed to reconstruct the object pointwisely on unique customized tilted PI-planes which are close to the data collecting helices of the corresponding points. Such a reconstruction scheme can considerably suppress the artifacts in the cone-angle scanning. Computer simulations show that the proposed algorithm can provide improved imaging performance compared with the existing approximate conebeam reconstruction algorithms.
I. INTRODUCTION
Helical multislice Computed Tomography (CT) has been developed for rapid and volumetric scanning with high axial image resolution for medical diagnosis. Algorithms for helical multislice CT reconstruction are classified into the approximate and the exact algorithms. While exact algorithms can produce high quality images, they require large amount of computation ( [1] - [4] ). Compared with exact algorithms, approximate algorithms can provide a feasible compromise between the image quality and computational efficiency [5] - [8] and, thus, have been popularly adopted.
Approximate reconstruction algorithms can be further grouped as 2-dimensional (2D) and 3-dimensional (3D) methods with respect to the input data dimension. While 2D methods are limited by the cone beam angle and helix pitch value, some non-transversal / non-planar reconstruction methods have been proposed [5] , [6] . Among 3D reconstruction algorithms, Feldkamp (FDK) method is popularly adopted [7] due to its accuracy and computational efficiency. However, these algorithms have difficulties and suffer from artifacts at large cone angle scanning. Especially, the imaging performance at the rim region of interest (ROI) are considerably deteriorated, due to the large off-plane angle (the angle between the projection ray beam and the reconstruction plane). This directly limits the usage of large cone angle scanning and the scanning speed and efficiency.
In this paper, we propose an FDK-type algorithm to reconstruct transversal planar slice by computing each reconstruction point on a unique customized tilted plane. The selected tilted reconstruction plane passes through the PIline of the corresponding reconstruction point and is close to the corresponding PI-helix segment. effective cone angle of the reconstruction point. While such a pointwise reconstruction requires extended projection data from half-scan projection, it does not involve considerably more online computational workload. It is shown that the proposed algorithm can provide improved imaging performance and image quality enabling large sized detector and large cone angle being applied for multislice CT imaging.
The rest of this paper is organized as follows. Section 2 presents the geometry of helical CT scanning and introduces the tilted plane for approximate reconstruction. Section 3 presents the proposed reconstruction algorithm, followed by computer simulation results and discussions. Section 4 is conclusion.
II. CT SCANNING AND PROJECTION DATA FORMATION

A. Helical scanning geometry
The geometry of the helical multislice CT scanning is shown in Fig.1 in a Cartesian coordinate system x−y−z. The X-ray source, denoted by S, moves around the z axis along a helical trajectory. Let R be the radius of the helix, r be the radius of objective cylindrical support, θ the source rotation angle, p be the pitch value of the helix, and w be the detector collimation width. Then the scanning translation speed in the z direction is h = pw 2π and the position of the X-ray source can be represented as (x s , y s , z s ) T = (R cos θ, R sin θ, hθ) T . For any point of the object, its off-plane angle, as shown in Fig. 1 , is defined as the angle between the reconstruction plane and the ray-beam passing through this point at source rotation angle θ, and is denoted by α. 
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B. FDK off-plane reconstruction
It follows from FDK method that the reconstruction of a point (x, y, z) from cone beam half-scan projection data
where σ is the maximum fan-angle of cone-beam,
(3) is the filtered and weighted data set of D(·), (m, n) is the coordinates of the detector with m denoting the length of each detector row and n denoting the detector row number, g(·) is the 1D ramp filter, ' * ' denotes the convolution ω(·) is conjugate weighting factor and ρ is the ratio of sourcedetector distance to source-center distance.
Alternatively, the cone-beam projection data can be rebined into cone-parallel projection data set [9] . Therefore, the FDK reconstruction is as follows:
where D p (·) is the cone-parallel data set, (t, s) is the virtual cone-parallel detector in which t denotes the length of virtual detector row and s is the virtual detector row number, η is the source rotation angle of the rebinned cone-parallel data set, ω (·) is the conjugate weighting factor for cone-parallel projection data set. Since the conjugate data only exist at source rotation angle 0 and π, w (·) equals to 0.5 at these two angle and equals to 1 otherwise [8] .
With the above formulations, FDK reconstruction of offplane ROI will produce cone-beam artifacts which depends on the off-plane angle of the objective points. To suppress these artifacts, it is essential to reduce the distance between the source and the reconstruction plane (i.e., source off-plane distance).
C. Tilted PI-plane for pointwise reconstruction
To reduce the off-plane distance of the object plane without affecting the object translation speed, we propose pointwise reconstruction on uniquely customized tilted planes. This tilted plane is essentially related to the properties of PI-line. Referring to Fig.2 , we name an object point λ(x λ , y λ , z 0 ) which is on an unique PI-line connecting two points s 1 (θ 1 ) and s 2 (θ 2 ) on the source helical trajectory while 0 < θ 2 − θ 1 < 2π. The tilted reconstruction plane, denoted by Ω, is determined by the PI-line − − → s 1 s 2 connecting s 1 (θ 1 ) and s 2 (θ 2 ) and the center point s 3 of the PI-helix s 1 s 2 which is at the source rotation angle θ 3 = θ1+θ2 2 . Note that the plane Ω is of the family of κ-plane [4] and we denote it as PI-plane in this paper.
Since each point to be reconstructed has a unique PI-line, the PI-plane is a function of point λ, written as Ω(λ). The ⎡
Note that c = 0 since γ in not on x − y plane. The PI-plane Ω(λ) defines a new Cartesian coordinate system x − y − z with z being defined by the normal vector γ = (a, b, c) T and the x − y plane being defined by the PI-plane. Specifically, the transformation between the coordinate systems x − y − z and x − y − z is given by
where
and
The source S(x s , y s , z s ) in the new coordinate system is
The off-plane angle of the point λ at source rotation angle θ with respect to PI-plane Ω(λ) is given as follows
where d(θ) is the source off-plane distance to the PI-plane Ω(λ) given as,
−(aR cos θ 1 + bR sin θ 1 + chθ 1 ) . To show the reduced effective cone angle, we simulate a scanning helix with parameters [R = 50cm, h =5cm/π]. An object point is chosen arbitrarily and its PI-line is found. While the source moves along the half-scanning helix which is extended from the centre point of the PI-helix, the source off-plane distance to the corresponding PI-plane is recorded, as shown in Fig.3 . For comparison, the off-plane distances to the transversal objective plane and the ASSR tilted reconstruction plane [5] are also calculated respectively. 
C. Discussion
Compared with the conventional FDK reconstruction, the new proposed algorithm needs additional computation to form the PI-planes and the tilted coordinate systems. Fortunately these additional calculations (step 3) do not involve use of the projection data. Therefore they can be precalculated and stored before scanning. Based on the new coordinate system, the additional workload including the source's new coordinates calculation (9) and the new coneweighting factor calculation (15) can also be calculated off line. Moreover, due to the cone-parallel rebinning, the whole projection data set needs to be filtered only once before the reconstruction. Therefore, the on-line workload of the proposed algorithm is minimized and it does not cost much more time and space than the conventional FDK method does.
IV. CONCLUSIONS
This paper presents an FDK-type approximate reconstruction algorithm for helical multislice CT system. For constructing a transversal slice with less cone-beam artifacts, we propose pointwise reconstruction on a customized unique tilted PI-plane which passes through the PI-line of the reconstruction point. Compared with the existing algorithms, the proposed algorithm can effectively suppress cone-beam artifacts in the large cone-angle scanning without large additional online computation.
